We develop a quantitative model of the impact-ionizationand hot-electron-injection processes in MOS devices from first principles. We begin by modeling hot-electron transport in the drain-to-channel depletion region using the spatially varying Boltzmann transport equation, and we analytically find a self consistent distribution function in a two step process. We measure hot-electron-injection (gate) and impact-ionization (substrate) currents using an ntype MOSFET built with a high substrate doping *Corresponding author: E-mail phasler@ee.gatech.edu. In subthreshold the channel current of a MOSFET is sufficiently small so that the mobile charge does not affect the surrounding electrostatics, resulting in a constant surface potential. Consequently, by operating the MOSFET in subthreshold, we obtain a high field region whose properties are independent of the channel current. This higher substrate doping is consistent with a 0.3 txm channel length CMOS process; thus, these 455
We develop a quantitative analytical model of the impact-ionization and hot-electron-injection processes in MOS devices that is derived consistently from a single spatially varying hot-electron distribution function. This approach not only provides a useful circuit model, but also complements and validates numerical results from Monte Carlo simulations.
We measure hot-electron-injection (gate) and impact-ionization (substrate) currents using an ntype MOSFET built with a high substrate doping *Corresponding author: E-mail phasler@ee.gatech.edu. In subthreshold the channel current of a MOSFET is sufficiently small so that the mobile charge does not affect the surrounding electrostatics, resulting in a constant surface potential. Consequently, by operating the MOSFET in subthreshold, we obtain a high field region whose properties are independent of the channel current. This higher substrate doping is consistent with a 0.3 txm channel length CMOS process; thus, these Cross section of the MOSFET device we used to measure the hot-electron effects. It uses a highly doped (1 1017cm-3) substrate to achieve a high threshold voltage which allows hot-electron injection for bias current levels in subthreshold. The n well isolates the highly doped substrate region from the surrounding substrate, and allows measurement of substrate current. Holes resulting from impact ionization are measured at the p base contact. The hot-electron injection process is identical for the FET with or without the isolating n well. Inset: the electron is accelerated through the drain depletion (path 1), and when it gains energy greater than the SimSiOz barrier, the electron is injected over the Si--SiOz barrier to the floating-gate (path 2).
effects are directly applicable to modern processes.
For an electron to reach the floating gate, it must have energy greater than the oxide barrier height and must be directed towards the SiOa when the electron reaches that energy. The high electric fields in the drain-to-channel depletion region accelerate channel electrons to high energies (path 1). The high substrate doping increases the threshold voltage ( 6 V) and the drain-to-channel electric field, which generates high-energy electrons at subthreshold currents for positive gate-todrain voltages; therefore, an electron surmounting the Si--SiO: barrier will be transported to the gate by the resulting oxide field (path 2).
As an electron gains energy due to the electric field in the z direction, the electron is confined by the electric field and the siliconmsilicon-dioxide interface in the y direction. The resulting electron distribution in y and ky is nearly independent of the electron distribution in the other coordinates; therefore, some electrons at y=0 are directed toward the Si02, and these electrons will enter the SiO2 if they have gained sufficient energy. length and terms of e(E)/m*(E). Phonons have momentum, and the total momentum involved for a phonon absorption or emission must be conserved. To precisely model this effect, one would need to know the distribution function of momentum for the phonons in the drain-to-channel depletion region. Elsewhere we show that the scattering of the momentum distribution has a small effect on our zero th order expressions [1] . Most proposed impact-ionization collision operators can be formulated in general as
where "/-ion is the mean free time for an impact ionization collision, and L(E) is the mean free path, which is a function of the electron energy. We propose the following model for the energy dependence for the impact-ionization mean-free length L(E) (0.18Ilk)exp E ieVJ (4) which is based on our experimental measurements of the impact-ionization mean free length, and corresponds to previous numerical calculations [5] [6] [7] . Figure 3 shows our functional form with these three numerically calculated models. We have assumed a constant velocity of 8.1 x 10 6 cm/s in converting from L(E) to impact-ionization scattering rate, since our measured data is directly related to L(E). This functional form is a curve fit to experimental data of L(E) derived from our experimental measurements of hot-electron-injection and impact-ionization currents in Section III. for a self-consistent distribution function using a two-step process. Elsewhere, we show that the transport along = 1 for hot-electron injection and impact ionization closely approximates the exact solution [1] for clarity, we will only consider the ff case here. In the first step, we solve for the average hot-electron trajectory in energy and direction as a function of position through the depletion region. The average hot-electron trajectory is the flow line for the hyperbolic P.D.E. operator, and is related to the numerical method that Budd presented previously [9] . In this model, the average electron starts gaining energy at the position (Zcrit in Fig. 2) where the phonon restoring force is equal to the energy increase due to the local electric field (E(z)). This breakaway field-the minimum electric field at which the electron gains energy at the same rate as it loses energy to phonon collisions is expressed as En/qA, which for our parameters is 9.7 V/m. The average energy, El(Z), that the electron gains after reaching Zcrit is or the difference between the potential from 2crit to the position z in the drain-to-channel depletion region, and the number of phonon collisions in this region.We show the electron in Figure 2 taking a linear path because of the functional form of Eq. (6).
In a(z, E),
where a(z, E) models the electrons lost to impact ionization, and is approximated by
This solution shows that the assumption of a constant electron temperature is not valid at energies at which impact ionization and hotelectron injection occur. [1] . Figure 5 shows measured data of hot-electroninjection efficiencies as a function of drain-tochannel voltage for two channel currents; the hotelectron-injection efficiency is independent of source current. Figure 5 shows (9) FIGURE 6 Measurements of impact-ionization efficiency vs. drain to channel voltage for two source currents (gate voltages).
We plot a curve fit to the analytic model in (11); the model closely agrees with the experimental data.
impact-ionization collision rate from experimental data; (4) is a curve fit to these data.
[6] Kamakara, Y., Mizuno The book consists of two parts that represent two major directions in the field: development of new transforms and development of transform-based signal and image processing algorithms. The first part contains four chapters devoted to recent advances in transforms for image compression and switching and logic design and to new fast transforms for digital holography and tomography. In the second part, advanced transform-based signal and image algorithms are considered: signal and image local adaptive restoration methods and two complementing families of signal and image resampling algorithms, fast transform-based discrete sincinterpolation and spline-theory-based ones.
Topics and Features:
 The subject of the book is of a fundamental importance in digital signal and image processing. 
